Suppressing the reflection from material interfaces or entire layer stacks across an extended spectral range is important for various applications. While many approaches have been described for this purpose, we look at the problem here from the perspective of helicity preservation. Specifically, the anti-reflection performance of nano-particle arrays on top of solar cell stacks is related to two conditions: a high enough degree of discrete rotational symmetry and the ability of the system to suppress cross-talk between the two handednesses (helicities) of the electromagnetic field upon light-matter interaction. For particle-lattice systems with high enough degree of discrete rotational symmetry (2π/n for n > 2), our numerical studies link the suppression of backscattering 1
Introduction
Minimal reflection is an obvious design goal in solar cell technology. In standard silicon based solar cells, improvement of the anti-reflection (AR) properties and subsequent light absorption enhancement is often achieved by means of the chemical texturing of a silicon wafer 1,2 .
This way, micron-sized pyramids are formed on the front and back surfaces of the wafer, which leads to multiple reflections on their facets and, thus, to the reduction of reflectance. Being considerably effective for thick wafers (t 160 -200µm), this method is quite limited when transitioning to thinner solar cells. Attempts to find alternative solutions have included the implementation of sophisticated AR coatings [3] [4] [5] [6] [7] [8] and the introduction of plasmonic structures [9] [10] [11] [12] [13] . Recently, the use of high index dielectric nano-structures operated in the Mie regime was suggested as a possible avenue to improve AR properties of the solar cells [14] [15] [16] [17] [18] [19] .
Much of the nanophotonics research on backscattering minimization stems from the 1983 article of Kerker et al. 20 . This early work showed that a sphere whose electric permittivity and magnetic permeability are equal exhibits zero backscattering under plane wave illumination,
i.e., there is no energy in the specular back reflection direction, independently of the polarization of the illuminating plane wave. Since then, the theoretical and experimental works on zero backscattering have been numerous, see e.g. Refs. [21] [22] [23] [24] [25] [26] [27] [28] [29] On the theoretical side, the relationship between electromagnetic duality symmetry and zero backscattering 21, 23, 30 has provided a new point of view on Kerker's result by tying the backscattering suppression to a fundamental symmetry in electromagnetism. Electromagnetic duality symmetry of a system can be understood as the equivalence between its electric and magnetic responses. This equivalence connects directly to Kerker's = µ spheres. In much the same way that translational symmetry preserves linear momentum, and cylindrical symmetry preserves angular momentum, duality symmetry preserves the helicity (handedness) of any incident illumination. That is, the light-matter interaction with a dual symmetric object does not couple the left and right handed components of the electromagnetic field. In terms of requirements, duality symmetry of the system is not enough to ensure zero backscattering, but duality plus cylindrical symmetry is. 23, 30 The two conditions together fully explain the effect reported by
Kerker et al. in = µ spheres. In terms of practical application in solar cells, the = µ condition is an obvious roadblock, and full cylindrical symmetry is also not achievable by regular arrays of nanoparticles. However, the work in 24 established that, for a general system, a discrete rotational symmetry 2π/n for n ≥ 3 and helicity preservation upon illumination along the symmetry axis are sufficient conditions for zero back-scattering. 24 This is a general result whose derivation does not depend on the details of the system, only on its symmetries.
In particular, it provides the guidelines for the design of AR coatings by means of regular arrays of dielectric nanostructures by indicating which kind of array lattices are appropriate and, importantly, relaxing the duality symmetry condition to helicity preservation upon normal incidence. This is a significant simplification since duality symmetry implies helicity preservation for all illumination directions. For example, it has been shown that the electric and magnetic dipolar responses of dielectric disks under normal incidence can be aligned by tuning their aspect ratio. . In light of this, the AR techniques based on graded index can be interpreted from the helicity preservation point of view. For example, the typical pyramids provide a low impedance gradient transition between air and silicon while advancing from their tips to their bases. In terms of rotational symmetry, randomly positioned pyramids achieve an effective cylindrical symmetry, while perfectly ordered pyramids have C 4 symmetry, which meets the requirement in both cases. Another example are graded index multilayers where the minimization of the impedance gradient across interfaces is clear, and, as flat systems, feature cylindrical (C ∞ ) symmetry.
In this article, we numerically show the relevance of helicity preservation and a high enough degree of rotational symmetry in the design of nanoparticle arrays for reflection minimization. We first use hypothetical materials with µ = 1 to illustrate the effects of both conditions on the AR properties of the array. For particle-lattice combinations with enough discrete rotational symmetry, our numerical studies link the suppression of backscattering to the ability of the system as a whole to preserve the helicity (handedness) of the incident light. Then, we consider a realistic heterojunction (HJT) layer stack and design an array of TiO 2 disks whose current loss due to reflection is improved three times with respect to a flat reference. We analyze the design in terms of helicity preservation and consider both square and hexagonal lattices, showing the advantages of the latter. Importantly, the TiO 2 disks are placed on the top face of the HJT stack in an electrically decoupled manner, which avoids the passivation difficulties brought about by placing dielectric nano-scatterers directly on top of the Si wafer. Our insights are, therefore, directly relevant for practical scenarios.
We stress the fact that while discussing the problem here in the context of HJT solar cells, the basic insights are applicable to a much wider class of systems.
Results and discussion
In section 2.1, we will consider a hypothetical HJT solar cell layer stack with a dielectric nanoparticle array on top made from materials with µ r = 1. We will follow in section 2.2 with a discussion of the same stack, but considering this time the case of natural materials.
In section 2.3, we will show how the single nanoparticle scattering response correlates with AR properties of an array of such particles. Finally, in section 2.4 we will consider the effect of the lattice symmetry in more detail.
Reflection suppression by a dual nanoparticle array
We start by illustrating the influence that the degree of rotational symmetry and helicity preservation have on the AR properties of the system. area to the unit cell area of the lattice is kept the same in both arrays. The illumination is a circularly polarized plane wave whose momentum is normal to the plane of the layer stack.
The periodicity of the lattices is always smaller than the free space wavelength, so there is only the 0 th diffraction order. The results in Fig. 1(a) show that, indeed, the system needs to have a high enough degree of rotational symmetry in order to achieve zero-backscattering:
while disks arranged in a square lattice yield zero backscattering, a rectangular lattice does not, despite the perfect EM duality of the system.
Figure 1: (a) Reflectance from dual-symmetric systems with rectangular (C 2 ) and square (C 4 ) rotational symmetries under normal incidence. The systems are made of hypothetical materials with electric permittivities r equal to those of natural materials and whose magnetic permeabilities are set to µ r = r to achieve perfect duality symmetry. The natural materials and geometry of the systems are: a semi-infinite c-Si substrate, an absorbing 300nm thick film of cSi, a 8nm thick layer of passivating a-Si (intrinsic and p-doped), and an ITO layer of 50nm thickness. The disks are made of TiO 2 and have a height of 100nm and a diameter of 300nm. The C 2 unit cell parameters are a x =806.5nm and a y =310nm. The C 4 unit cell parameter is a=500nm. The systems are schematically shown in the inset. (b) Reflectance from the system with square (C 4 ) rotational symmetry. Colors correspond to different ratios of relative permeability with respect to relative permittivity.
We now ask the question of how does the breaking of duality symmetry, i.e. the loss of perfect helicity preservation, affect the reflection when the symmetry actually is sufficiently high, which is a C4 symmetry in our case. The answer is provided in Fig. 1(b) . It clearly shows that, as the system becomes less dual symmetric, the reflectance increases.
These results clearly highlight the design requirements for an anti-reflection coating: a high enough degree of discrete rotational symmetry and helicity preservation.
While the first requirement is readily met, the lack of = µ materials in the relevant spectral region prevents us from meeting the helicity preservation requirement in that way.
On the other hand, the aspect ratio of dielectric disks can be optimized so that their response upon normal incidence preserves helicity to a very high degree around a particular wavelength. We note that this is not equivalent to duality symmetry, which would imply that the disk preserves helicity for all illumination directions. After these initial insights, we will next discuss if the designed disks made from TiO 2 are able to suppress the reflection from an HJT solar cell without considering an artificial permeability in any of these materials.
2.2 Reflection suppression by a C 4 nano-particle array . The qualitative behavior observed in Fig. 2(b) is the expected one. For wavelengths where the C 4 -symmetric array is sub-wavelength, only the 0 th diffraction order is allowed which, in reflection, means that only the specular reflection is allowed. Then, as expected and indeed seen in the figure for wavelengths longer than 500nm, the C 4 symmetry of the array forbids the presence of the same helicity component in the reflected field. 24 All the reflected power is of changed helicity. In this regime, the reflection suppression performance is equivalent to the helicity preservation performance. On the other hand, when higher diffraction orders are present for wavelengths shorter than 500nm, the light scattered back into air is of mixed helicity with both reflected powers P + and P − having nonzero values. This is also expected: the forced helicity flip on backscattering off a C n>2 symmetric system applies when the momenta of the incident and reflected plane waves are aligned with the symmetry axis. 24 This is not met by higher diffraction orders. The sum of the normalized powers of the two helicities is shown in Fig. 2(a) to be equal to the reflectance, which constitutes a sanity check of our calculations.
Optimization of the nano-coating parameters showed that the results are robust to change of the parameters' values, including both disk dimensions and layer thicknesses, up to 20%.
The changes in height of the disks and thicknesses of the layers lead to the slight shift of the reflectance minima. The variation of the disk radius shifts the minima more significantly whilst keeping the integrated reflectance over the whole frequency range almost unchanged.
Single particle response
To better understand the scattering features of the disks on top of the HJT cell, let us now analyze the helicity preserving properties of the selected TiO 2 disks in isolation. We consider an isolated nano-disk on top of the layer stack system. The illumination is a normally incident plane wave of negative helicity. Figure 3(a) shows the results for the specularly reflected powers corresponding to the two helicities. Only the values of changed helicity P + are nonzero. As previously discussed, this is expected from the C ∞ cylindrical symmetry of the system. The system achieves practically zero backscattering at λ = 500nm.
At this frequency, the system as a whole is approaching perfect helicity preservation. The results obtained so far show that a system able to preserve helicity across the whole band of interest would be optimal regarding AR properties. Currently, though, broadband helicity preservation in the relevant band is not achievable . The systems will change helicity to some degree. We can then ask the question of which degree of discrete rotational symmetry n > 2 copes better with the unavoidable helicity change. In this analysis, we will restrict ourselves to disks as the coating structures.
(c) Figure 3 : (a) Normalized specularly reflected powers of EM fields of both helicities P + and P − for an isolated nano-disk on top of the HJT solar cell layer stack under normal incidence of illumination with a right-handed polarized plane wave (helicity -1). The system is schematically shown in the inset and has the same parameters as in Fig. 1 except that we consider here an isolated disk and nor an array. (b)-(d) Polar plots of the normalized far field intensities at wavelengths λ = 300, 500, and 600nm, respectively. The far field intensities are computed in a plane that contains the cylinder axis of the disk.
Hexagonal versus square grid
First, as we did in Fig. 1(b) , we resort to hypothetical materials. We consider a nano-coated substrate. The electric permittivity of the substrate and disks correspond to those of c-Si and TiO 2 , respectively. The magnetic permeabilities are varied from 60% to 90% of the value of the corresponding electric permittivities. Here, we evaluate the response of a simplified system excluding ITO and a-Si films. This way we do not need to optimize the thicknesses of those layers which allows for a fair assessment of the impact of the lattice symmetry. We consider square and hexagonal lattices of identical pitch for the disk arrays. Figure 4(a) shows that the hexagonal lattice produces a smaller reflection across the entire band for all the relative mismatches between r and µ r . This happens even if we are significantly far from the EM duality condition, i.e. at µ r = 0.6 r . As one may expect, the reflection grows with the mismatch.
(a) (b)
TiO ₂ cSi TiO ₂ cSi Figure 4 : (a) Reflectance from a nano-coated substrate for C 4 (bold lines) and C 6 (dashed lines) lattices under normal incidence of light illumination. The electric permittivity of the substrate and disks correspond to those of c-Si and TiO 2 , respectively. Colors correspond to different ratios of relative permeability with respect to relative permittivity. (b) Reflectance from c-Si substrate nano-coated with TiO 2 disk array for different symmetries in case of natural materials with µ r = 1: rectangular (C 2 ), square (C 4 ), and hexagonal (C 6 ) lattices. The lattice constants are a x = 625nm, a y = 400nm for C 2 , a = 500nm for C 4 , and a = 500nm for C 6 .
The results in Fig. 4(a) motivate the study of hexagonal lattices in the case of natural materials with µ r =1. Figure 4(b) shows the reflectance from rectangular (C 2 ), square (C 4 ), and hexagonal (C 6 ) lattices, the C 2 array has been included for illustration purposes. In case of a rectangular array, we matched the unit cell area to the one of a square array, and for the hexagonal arrangement of the disks, the pitch was first taken to be the same as for the square array. We observe that the C 2 lattice, which does not have enough rotational symmetry, is a less effective AR coating. Then, we observe that the higher symmetry of the hexagonal lattice improves the AR properties of the system compared to the square lattice. Instead of keeping the same lattice constant for both hexagonal and square lattices, we can also keep the ratio of the disks' surface area to the area of the lattice unit cell unchanged by increasing the pitch of the hexagonal lattice. Then, the hexagonal lattice still allows for more efficient suppression of reflection than the square array, but the difference is much smaller. This can be seen from Table 1 where all the considered disk arrangements are quantitatively compared through the integrated reflectance over the broad wavelength range (details in Methods).The results show the reduction of integrated values with increased rotational symmetry degree. In light of the results contained in this article, solar cell performance can benefit from research directed towards the design of nanoparticles with broadband helicity preservation
properties. In the case of cylinders, coated cylinders seem to be a plausible way to improve upon the helicity preservation properties of homogeneous cylinders. Such possibility is suggested by the fact that core-shell spherical designs improve upon the helicity preservation properties of homogeneous spheres. 38 Additionally, coated cylinders should also allow to enhance the response strength by aligning together other multipolar resonances beyond the dipoles. 39 The alignment of different resonances can then increase the helicity preserving bandwidth, as demonstrated in the case of electromagnetically large spheres with very low refractive index. 29 
Conclusions
We have shown that helicity preservation and a high enough degree of rotational symmetry are relevant requirements for the design of nanoparticle arrays for reflection minimization in solar cells. For particle-lattice systems with high enough degree of discrete rotational symmetry (C n>2 ), our numerical studies link the suppression of backscattering to the ability of the system to preserve the helicity (handedness) of the incident field. This provides a guideline for future designs. In an exemplary design, we have used TiO 2 disks placed on the front surface of a flat HJT solar cell stack in an electrically decoupled manner, and achieved a three-fold reduction of the current loss due to reflection with respect to a flat reference cell. We have also shown that a hexagonal lattice, with a higher degree of symmetry, can improve over the anti-reflection performance of a square lattice.
Methods
All the basic computations in the paper were done using the JCMsuite software, a finite element method solver with several post-processing capabilities.
Decomposition of scattered power into helicity components
The decomposition of the scattered power into the two helicity components P ± can be done in the following way.
For a plane wave of momentum k = [k x , k y , k z ], the polarization vectors corresponding to the ±1 helicity components are:
and θ = arccos(k z /k), φ = arctan(k y /k z ), with wave number
Each scattered plane wave E(k) exp(ik · r) can hence be decomposed into its two helicity components
Then, the normalized powers P + (k) and P − (k) corresponding to positive and negative helicity, respectively, can be computed as
where the normalization is the power of the incident plane wave:
, where E 0 is the amplitude and Z 0 is the impedance of the medium.
In Fig. 3 (a), P ± ([0, 0, −k]) is shown, corresponding to the specular reflection direction. In Fig. 2(a) , the powers reflected back to the air hemisphere are obtained through the integrals of P ± (k) across the appropriate wave-vectors.
Reflectance
The reflectance calculations are performed using the total EM energy flux Φ deduced via integration of the EM energy flux density (Poynting vector) on layer interfaces as:
where A is the unit cell area, and P in · A gives the EM power density.
Integrated reflectance in nm was calculated as:
Current loss per unit area
The current loss due to reflection was calculated as:
where q e is the electron charge, SI(λ) is the spectral irradiance, and E ph (λ) = hc/λ is the energy of a photon. For this calculation, air mass 1.5 global tilted irradiance raw data was taken from Ref. 42 , and the simulated reflectance R(λ) was interpolated accordingly.
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